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Theresienstr. 37, 8000 MOnchen 2 (FRG) shape. Therefore, no attempt has been reported so far to relate these experimentally observed shapes 1n a systematic way to theoretical calculations . In our contribution we report a systematic experimental and theoretical study on these shape transformations. In order to avoid the above mentioned complications we have investigat_ ed vesicles which consist of electrically neutral lipids (that is phosphatidylcholine) in Millipore water. We find, that even for such a simple system a change in temperature can lead to three different types of shape transformations. Theoretically, we discuss shape transformations within two well established curvature models, (i) the bilayer coupling model of Svetina and Zeks 4 and (ii) the spontaneous curvature model of He lfrich s . 6 • A comparison leads to the conclusion that the observed shape transformations can well be explained within the bilayer coupling model provided a small asymmetry in the thermal expansivities of both monolayers is assumed. In some cases, such an asymmetry is not required.
EXPERIMENTAL SETUP
Our experiments were performed with vesicles of dipalmitoylphosphatidylcholine (DMPC) of diameters larger than 20 ~.
These were prepared in a separate test-tube.
purity >99% was dissolved in a solvent 
THREE DIFFERENT TYPES OF SHAPE TRANSFORMATIONS
In our experiments we normally started with spherical or ellipsoidal vesicles of a size between 20 ~ and 50 ~, which are most suitable to determine the initial values of the volume and the surface area. We found the following different types of shape transformations caused by increasing the temperature: Firstly, the budding transition exhibiting the following evolution: The sphere changes into a prolate ellipsoid and then into a pear-shaped state, which finally forms a vesicle with one bleb on the outside (see Fig.2 ). The second type is a reentrant shape transformation. One first obtains a prolate ellipsoid, which changes into a dumbbell shape, then into a pear-shaped state and again into a dumbbell-shaped state (see Fig.3 ). The third type is the discozyte-stomatozyte transition. The first step is the change from a sphere to a oblate ellipsoid. The ellipsoid changes into a discozyte and finally into a stomatozyte (see Fig.4 ) . The last transition is completely analogous to the discocyte-stomatocyte transition of red blood cells and provides convincing evidence for our introductory remark that most simple bilayer vesicle may mimic typical behaviors of the complex biological membranes. This suggests that shape changes of biological membranes are governed by simple principles.
In Fig. 2-4 , we compare the three types of experimentally observed shape transformations with shape changes, calculated with the theoretical model des c ribed below. The three theoretical sequences differ mainly in the value of a dimensionless parameter, y, which measures the asymmetry in the thermal expansivities of the two mOnolayers. If the thermal expansivity of the outer monolayer is larger than the inner one and exhibits a relative difference y~ 10-2 , a small vesicle buds off the large vesicle. For a $ ys: 10-3 the reentrant transitions from a dumbbell to a pear-shaped state OCcurs, while a larger expansivity of the inner monolayer leads t.o t.he discozyte-stomatozyte transitions and finally to the formation of a small vesicle budding towards the inside. 
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THEORETICAL MODELS AND THEIR AGREEMENT WITH THE EXPERIMENT
For a comparison o f the experimental results with theoretical ideas, we calculated shapes and shape transitions within two variants of curvature models: (1) the bilayer coupling model of svetina and Zeks4, (ii) the spontaneous curvature model of Helfrich 5 . 6 . We first discuss the bilayer coupling model. Within this model, the two monolayers are taken to be infinite thin shells with a constant separation 0, where 0 is about t he half bilayer thickness. The shape of the vesicle is determined by the minimum of the bending energy, Gb, which is expressed as an integral over the inner monolayer only since both monolayers are coupled. It is convenient to express all equations in terms of the surface areas Ain and AU rather than in terms of the neutral surface. Here, X denotes the effective bending rigidity of the bilayer with K" 1. shapes of lowest bending energy for experimentally accessible values of the reduced volume U with (3) which is a measure for the excess area and the induced area difference &a with (4 ) For a sphere, one has U -&a -1. This phase diagram is displayed in Fig.5 . Some part of it has bee n previously described by Svetina and Zeks4 . As two important novel features, we find (i) an instability of the dumbbell shapes with respect to the up/down symmetry which leads to the pear-shaped states , and
(ii) new limiting shapes which look like two prolate ellipsoids sitting on top of each other .
In order to compare theoretical and experimental shapes, we determine the path &a -&a(u) which corresponds to a change in temperature T. We now assume that the interior and exterior monolayer have different temperature independent relative expansivities , a in and a ex , as given by ( 6) where Uo _ U(TO) defines the initial value. A similar equation
U(T) -Uo exp( (-3/2) a in (T -TO»
can be derived for Aa (T). If (T -TO) is eliminated in both equations one finds the temperature trajectory (7) where Uo ii U (TO) and Aao • .6.a (To) parametrized the initial shape at temperature T = To and 
The microscope details of the two monolayers are described by the spontaneous curvature Co. The minimi zation leads to the same shape equation as Eqs. (2) and consequently to the same extremal shapes. A shape which correspond s to a local minimum of Gb, may, however, correspond to a local maximum of Fb' Therefore the phase diagram in both models are quite different. The phase dia g ram for the spontaneous curvature model depends on u given by Eqs. (3) and the reduced spontaneous curvature co=Co (A/4lt)"2 (10) We display, the phase diagram in Fig . 6 . Its derivation will be presented elsewhere 9 . Its main characteristics are: 1) For Co ~ 2.08, a discontinuous transition Dpear separates prolate/dumbbell from pear-shaped states.
2) With decreasing volume, the pear-shaped vesicles become symmetric again for Co < 2~2 at Cpear.
3) For Co > 2~2, however , the pear-shaped vesicles reach a limit-shape Lpear with decreasing volume. This limit shape consists of two spheres which are connected by an narrow neck, which contains no energy since the two curvatures have compensating signs. Such an "ideal" neck is only possible if the radii Rl and R2 of the two spheres fulfil the relation (11 ) This equation, together with the conserv ation of area 47t CR12 +R22] = A, determines which spontaneous curvature Co is necessary in order to obtain budding of a smaller vesicle with radius RI. For small RI, we have Co c RI-l. (2) In order to obtain a budding trajectory leading to a bleb of the observed small size a spontaneous curvature Co ~ 5-6 has to be postulated. which is rather improbable for our pure system. Moreover, all budding trajectories in the spontaneous curvature model should be precursed by the first order transition from the symmetric to the pear-shaped states.
(3) Finally, the discocyte-stomatocyte transition in this model is first order and would require a negative spontaneous curvature to occur for the observed U-value.
Summarizing, the detailed analysiS of the phase diagram for both models allows to test critically whether these models apply to the observed shape transformations. We find that the bilayer coupling model augmented with an asymmetry in the monolayer expansivity fits well while the spontaneous curvature models makes qualitatively different predictions. Especially, we consider the transition from a prolate ellipsoid to a pear -shaped state in Fig. 2 
